Plant lateral roots have a defined developmental pattern and shape, but a key question is whether strict regulation underlies observed regularity. A new study uses long-term in toto live imaging and simulations to show that organogenesis rather follows self-organizing principles.
Multicellularity is defined by the existence of more than a single cell, and poses intrinsic challenges that differ from those faced in unicellular organisms. Development is one such challenge. The generation of functional, multicellular structures requires that cells are coordinated in one way or another, for example, to arrive at a defined 3D shape. Intriguingly, this often involves the coordination of decisions (shape change, oriented division) that are executed in each cell individually. How then, can the collective of individual cellular decisions repeatedly generate nearly identical, or at least similar, 3D tissues or organs? Particularly in plants, where the absence of cell migration and the presence of cell walls prohibit repair or remodeling, a central question is how the growth and division of individual cells is controlled during organogenesis. It only takes a look out of the window (or at the windowsill) to realize that plants are remarkably good at generating defined 3D organs, yet little is known about the underlying cellular and molecular mechanisms.
There are two essentially mutually exclusive principles that may lead to ordered structures -in a deterministic scenario, every cell's decision is orchestrated by (genetic) regulation. Alternatively, uniform rules for cell behavior are wired into each cell, and coupling of cells self-organizes into defined shapes. That is, a robust set of rules accounts for convergence onto a conserved 3D shape. In a new study in this issue of Current Biology, von Wagenheim et al. [1] used the development of lateral roots in Arabidopsis thaliana as a model to address the nature of the underlying principles that govern the formation of a defined 3D organ shape (Figure 1 ). Lateral roots branch off the main root, and allow the plant to forage the soil (or in this case the growth medium) [2] . The precise site of lateral root initiation is intrinsically unpredictable, and is subject to environmental control [3] . However, once initiated, the pattern of cell growth and divisions generates a dome-shaped structure within a few rounds of division [4] . This dome then grows through the overlying cell layers to emerge into the soil.
Previously, the authors of this paper had developed a light-sheet fluorescence microscopy system that allows nearly continuous 3D live imaging of Arabidopsis roots under ambient conditions [5] . Here, the authors used a transgenic line with fluorescently marked plasma membrane and chromatin, as well as a reporter for the cells that are primed to initiate lateral roots [6] , and generated a number of datasets that describe lateral root formation from inception to emergence. This very rich dataset allowed the authors to perform a large number of analyses and to ask important questions. For example, which properties are regular and which are not? Is progression as stereotypical as the final shape and pattern are? The short answer is that very little is defined at the start of lateral root formation. The authors find that lateral roots form from a limited set (about 11) of 'founder' cells in the pericycle layer. The ultimate contribution of each of these founder cells to the primordium, however, is not stereotypical. As a consequence, it cannot be predicted from the constellation of founder cells which will contribute what part to the primordium, nor where exactly the tip of the dome will form. What is absolutely stereotypical is the initiation step that, through anticlinal asymmetric divisions of founder cells, generates a patch of small cells from which most of the primordium will form.
Detailed tracking of division planes and patterns revealed that after this first division, paths of individual roots diverge.
While cellular ontogeny of individual primordia suggests the absence of strict deterministic rules, each cell is likely to be constrained by intrinsic division rules. The coupling of individual cell behavior may then lead to convergence upon conserved 3D shape. To test this prediction, the authors developed a computational model that can be used to prescribe (sets of) rules for growth and division, and compare the resulting lateral root pattern with the observed one. When, for example, assuming random division planes that separate each cell in two equal volumes, and defining a final shape resembling a lateral root primordium, the cellular pattern is highly unrealistic. When instead a commonly used probabilistic geometric rule is used that takes the shortest path through the center of the cell, or a local minimum (geometric; [7] ), the resulting cell pattern closely resembles reality. This result is striking, as it suggests that a simple geometric division rule, coupled to a specific growth tensor, can account for the observed developmental pattern. Simulations helped make two predictions about the division pattern. First, after the first periclinal division, the outer daughter cell divides periclinally before the inner one. Second, after the first periclinal division, cell division orientation tends to rotate by 90 degrees after each division. Both these predictions were validated by detailed analysis of the microscopy datasets.
Thus, surprisingly few rules are required to arrive at realistic cell arrangements in the growing lateral root primordium. Modeling suggests that the asymmetric first division of the founder cells is critical for later development, which makes intuitive sense because this division generates a set of small, central cells. On the other hand, it is very challenging to provide meaningful experimental evidence to support the predicted importance of the first division. One would have to specifically interfere with cells' ability to divide asymmetrically during this step, without affecting prior or subsequent divisions. Also, the prediction that later divisions follow a geometric pattern, leading to alternating division planes, is tough to test. At present, genetic tools to rigorously test predictions are lacking. Thus, the paper provides a plausible but largely untested model for lateral root development.
An interesting observation in this paper is that cells at the center of the lateral root primordium show an increased cell division rate. Interestingly, this 'center' is not in any obvious way predisposed in the young primordium, other than by being borne out of the asymmetric division that does not follow simple geometric rules. As was shown previously, this division is also strictly dependent on auxin response [8] , and the smaller daughter cells show increased auxin-dependent gene expression [9] . An interesting question is whether the increased division rate is a consequence of the smaller size of these cells, or may alternatively be conditioned by the higher auxin response in these cells. Thirdly, it is possible that the first cells to divide induce a more yielding overlying tissue [10] . Furthermore, it is important to note that during primordium initiation, cells quickly acquire different identities [11] , and can therefore not be considered equal. An important future question will be how the specification of identities within the growing primordium and cell type-specific genetic programs influence the cell's predisposition to divide or grow.
The authors very convincingly show that lateral root development is not a deterministic process, but relies heavily on self-organizing properties. This is in stark contrast to early embryogenesis, where divisions are shockingly regular [12] [13] [14] . A pressing question thus becomes what obviates the need for regularity at the level of individual cells in lateral root primordia, and what constrains variability during embryogenesis?
Lateral root primordia development is highly environmentally controlled [2] and is a physiologically adaptive process. It therefore is not a priori defined which 'primed' cells will and which will not initiate a lateral root. This is not the case for early embryos, where (at least in Arabidopsis) the minimal number of cells is used to build a structure [13] . Therefore, the cost of failure is highly asymmetric. Failure during embryogenesis is detrimental, while numerous second chances exist in lateral root formation. Not only is the initiation of lateral roots intrinsically stochastic; the progression also needs to be flexible. Every lateral root primordium faces a slightly different 'birth canal' between overlying cells. These overlying cells and the heterogeneity in their shape must impose mechanical constraints on primordium growth. This is reflected in the observation that the tip of the lateral root cannot easily be predicted from the position of the founder cells. Again, matters are very different in the embryo, where a large cytoplasmic endosperm surrounds the embryo at all formative stages.
It is clear that the comparison of genetically controlled and environmentally controlled developmental processes yield substantial insight into when and perhaps why plants choose to be control freaks (as in Arabidopsis embryogenesis), or take matters more loosely. Plants are masters at regeneration, and an interesting future question will be whether the non-deterministic and self-organizing nature of lateral root development reflects this potential? Clearly, this paper provides a path forward in the analysis and understanding of plant development. Lateral roots branch off the primary root in Arabidopsis seedlings. von Wangenheim et al. [1] used a combined experimental and computational approach to define the rules that underlie lateral root formation. By using light-sheet microscopy (left), high-resolution datasets were captured that describe the entire process in 3D, and cell lineages were traced from these datasets (left; colored dots represent nuclei). In parallel, models were built to simulate lateral root development in silico (right). The combination of these approaches allowed distilling a set of rules that explain development. A small set of founder cells divides asymmetrically, after which cells follow a simple, geometric division rule.
The evolution of eusociality is one of the major transitions in the history of life, particularly in the insects. Now, fossil termites and ants from Burmese amber offer insights into early stages of eusociality in the Lower Cretaceous.
Eusociality is the most sophisticated form of organization of insect societies, best exemplified in termites, ants and bees. Eusocial insects dominate terrestrial ecosytems and especially termites and ants provide most of the biomass in tropical environments [1] . The origin and evolution of eusociality has been a subject of research ever since Charles Darwin, who in ''The Origin of Species'' described sterile worker castes in the social insects as ''the one special difficulty, which at first appeared to me insuperable and actually fatal to my whole theory''. Since Darwin's magnum opus, a broad theoretical framework has been developed [2, 3] , and more recently even the underlying genomic changes of increasing social complexity have begun to be explored [4] . Another potential key to the evolution of eusocial insects could come from fossils. It has been argued that the fossil record of early eusocial insects is too poor to show the transition from solitary to eusocial life. Therefore, the life history and social biology of the most basal living groups have been investigated [5] . Now, in this issue of Current Biology, two studies of fossil insects -one on termites by Engel et al. [6] and one on fossil ants by Barden and Grimaldi [7] -from 99 million year old Burmese amber impressively reveal that these groups already had advanced sociality and great ecological diversity in the Mesozoic.
All of the about 3100 species of living termites are eusocial, some of them forming massive colonies comprising more than a million individuals. In contrast, only about 60 species of fossil termites have been reported so far from various deposits with nearly 80% of these species preserved in amber from the Early Cretaceous of Lebanon to the Miocene of Mexico and the Dominican Republic ( Figure 1 ) [8] . Surprisingly, the earliest known termite soldiers and worker castes were known only form the Miocene, about 17-20 million years ago. All older fossil termites known so far are winged reproductives. Now, Engel et al. [6] report six species of fossil termite from Early Cretaceous amber from Myanmar for the first time, including worker and soldiers as well as winged reproductive individuals. The new species, Krishnatermes yoddha,
